The authors have developed an ultra-high-speed video camera with in-pixel storage and backside illuminated structure, which was named "Backside Illuminated In-situ Storage Image Sensor (BSI ISIS)". In order to achieve much higher frame-rate, a multi-collection-gate structure was proposed toward one giga frames per second. Based on this structure, an example pixel design of "Nanosecond-resolution image sensor (NanoSIS)" is reported. Each pixel has six collection gates, and an image sensor with this pixel design can be applied for a multi-framing camera. The travel time to an appropriate collection gate is less than 1 ns for electrons generated in the most part of a pixel except the area close to the pixel boundary.
Introduction
We have proposed a BSI image sensor structure enabling continuous imaging at the frame interval of 1ns with the fill factor of 100% 1)2) . The image sensor family with the structure was named Backside Illuminated Multi-Collection-Gate image sensors (BSI MCG image sensors) after the structural feature, and also NanoSecond image sensors (NanoSIS) after the functional aspect. This paper presents a preliminary analysis on the performance of the sensor toward sub-nanosecond temporal resolution. The theoretical minimum temporal resolution depends on the travel time distribution of signal photoelectrons from the generation sites to the collection site, more specifically, on the standard deviation of the distribution multiplied by a constant defined later as a cross-talk factor. Even if the average travel time is large, if photoelectrons generated in a pixel at the same time arrive at the collection gate at the same time, the temporal resolution is infinitesimal. The travel time distributes depending on various factors. Therefore, in this study,
(1) a simple multi-framing NanoSIS with a CCD structure is designed to evaluate the fundamental performance and to find associated practical problems, and, (2) factors governing the travel time distribution are listed, and screened to find critical ones through simulations on the simple example design.
Tetratified BSI Image Sensor
Etoh and others developed an ultra-high-speed image sensor by installing image signal storage with more than 100 memory elements attached to each pixel. The frame rate more than one million fps (1 Mfps) was achieved by recording consecutive image signals in parallel at all pixels 3) . The sensor structure was named In-situ Storage Image Sensor, ISIS . However, the sensitivity was limited due to the very low fill factor, since the wide insitu storage area in the pixel was covered with a metal light shield.
To solve the problem, we developed a backside illuminated ISIS, "BSI ISIS". The fill factor of the sensor is 100% and the quantum efficiency is more than 80%. The BSI ISIS achieved very high sensitivity. The frame rate was also increased to 16 Mfps thanks to the metal wiring designed with more freedom and higher density on the front side of the sensor to which no incident light is applied. To realize the sensor, we developed a special sensor structure, called "Tetratified BSI image sensor structure", where Tetratified stands for Tetrastratified, since the cross-section of the chip consists of four (pnpn) semiconductor layers, as shown in Fig.1 .
The starting material is a wafer with p − /n − double epi-layers with the total thickness of more than 30um. A p-well is formed by implanting Boron ions in the n − epi-layer on the front side, and n + CCD channels are made in the p-well, which serve as analogue image signal storage. The p-well has a hole at the center of each pixel as seen in Fig.4 . Signal electrons generated in the backside layer of the pixel are collected through the hole by the collection gate on the front side, and transferred to a CCD memory with more than 100 memory elements under the p-well in the pixel. At the backside, a thin highly-doped p layer is formed to suppress trapping of signal electrons due to a local adverse field created by accumulation of hydrogen ions and generation of dark current due to crystal defects. The layer is filled with holes. The dark current electrons are eliminated by recombination with the holes. A strong negative bias voltage is applied to the backside, which depletes the whole signal electron path to the front side, except the very thin backside hole accumulation layer.
The chip thicker than 30μm prevents the parasitic light, i.e., a left-over light after photoelectron conversion of the incident light in the silicon layer, from intruding to the CCD memories on the front side. For a 30μm-thick silicon layer, the absorption rate of the incident light with the wave length of 700nm is 99.9%. Increase of the thickness of the double-epi layer further reduces the direct intrusion of a part of the inci- dent light to the memory, which, on the other hand, increases the dark current. An alternative way to handle the problem is simply to remove red light with a low-pass optical filter of 650nm, if it is not crucial for the application. The p-well prevents signal electrons generated in the backside layer from migrating to the CCD memories on the front side. In the p-well, functional circuits other than CCD memories can be installed to develop various functional BSI image sensors. If a low-concentration ptype wafer with less defects and less contamination is available, the starting p − /n − layer can be replaced by an n-epi layer made on the p − wafer.
Fundamental structure of NanoSISes

1 Multi-framing and Video Cameras
A camera which captures several consecutive images at a very high frame rate is called "A multi-framing camera". The frame count of the existing multi-framing cameras is from 4 to 16. For motion picture, more than 100 consecutive frames are necessary. One hundred consecutive images reproduce a smooth motion picture at 10 fps for more than 10 seconds. Therefore, a camera which can capture 100 continuous images or more is defined as "A video camera" in this paper.
2 Multi-framing NanoSIS
An example layout of the multi-framing NanoSIS is shown in Fig.3 4) . It is made by replacing the single collection gate in each pixel of the BSI ISIS with multiple collection gates surrounding the center of the pixel, and attaching one storage gate to each collection gate. The set of a collection and a storage gate composes a collection element. Image signals are collected by the collection gates by raising the gate voltages in turn. Practically, the number of the collection elements is four to eight. Therefore, the frame count can be up to eight. Existing ultra-high-speed cameras with the frame rate higher than one hundred million fps are all multiframing ones, of which frame counts are up to sixteen. However, as the NanoSIS can achieve a higher frame rate and higher sensitivity in a compact camera body, the multi-framing NanoSIS is worth being developed.
3 NanoSIS for Motion Pictures
A NanoSIS for a video camera has N collection gates, each of which is equipped with an in-situ storage area with M memory elements. Then, the total number of the memory elements in each pixel is M × N . Since more than 100 consecutive frames are necessary to replay smooth motion pictures, M should be more than 100/N . Fig.2 shows an example of a NanoSIS for a video camera with four collection gates (N = 4) each of which is equipped with a folded CCD memory.
It should be noted that the travel time t 1 of a signal electron from the generation site to the collection gate is much shorter than the transfer time t 2 of the collected electron charge from the collection element to the attached memory element, since a single signal electron travels through the depleted path through the collection element; the single charge packet takes a long time to be transferred.
In the MCG image sensors, it takes t 1 for a collecting gate to collect a signal charge packet, and (N − 1)t 1 , at least, for the other gates to collect the following charge packets. Therefore, if the transfer time t 2 is equal to or less than (N − 1)t 1 , the collecting gate is empty at the second charge collection, and capable of collect the charge again. The minimum frame interval t F for the case is equal to t 1 . If t 2 is equal to or larger than Nt 1 , which is a common case,
The ISIS has one collection gate (N = 1), and, thus, t F = t 2 . Therefore, the MCG image sensor enables N times faster continuous imaging for motion pictures.
A Case study: Distorted Hexagonal
Multi-framing NanoSIS Fig.3 and Fig.4 show a simple example design of the multi-framing NanoSIS. One pixel element on the front side shapes a distorted hexagon. However, incident photons to the square rhombus surrounded by the dashed line are guided by the p-well and collected by one of the multi-collection gates. Therefore, the rhom- (
1 Planar Layout
(1)
(1) Transfer pathway (a) and timing chart of control signal for readout (b).
bus defines one pixel area. The channel stop with a water-strider-like shape separates the collection elements. Six collection gates are around the pixel center, and a storage gate is attached to each collection gate, which are surrounded by the exit and the transfer gates to deliver the image signals to the outside of the sensor after capturing six consecutive image signal packets.
The whole area except the channel stop forms a plane buried CCD channel, which is depleted before image capturing.
2 Operation ( 1 ) Image Capturing
Signal electrons are collected by one assigned collection gate, "the collecting gate", to which a higher gate voltage is applied. The channel potential at the collecting gate is higher than those of other collection gates, but slightly lower than the channel potential of the storage gates. Electrons collected by the collecting gate are automatically drained to the storage gate and accumulated there. The channel at the collecting gate is always depleted, which keeps the very high travel speed of the signal electrons passing through the collecting gate. The speed suddenly lowers at the storage gate, since charges are accumulating there during the image capturing phase.
( 2 ) Readout Operation The readout operation is shown in Fig.5 . After image capturing of six consecutive images, a couple of signal charge packets are transferred to the transfer gates across the exit gates, and transferred downwards by three-phase CCD transfer. By repeating the readout process three times, all signal charges stored in six storage gates at the end of the image capturing phase are read out to the buffer memory outside the sensor.
3 Simulations ( 1 ) Simulation Cases
The travel time of an electron is evaluated by potential simulations and the electron path tracing method. The direction of each path segment is calculated to be perpendicular to the local field; and the accumulated travel time for the segment is calculated; the travel time is calculated as the sum of the segment travel time. The simulation condition is shown in Table 1 .
The concentration profile of the backside hole accumulation layer is assumed to be the half Gaussian with the surface concentration of 10 19 cm −3 and the thickness of 10nm, 100nm and 1,000nm. The wave lengths of the incident light are 480nm, 500nm and 650nm. The relative penetration depth to the thickness of the hole accumulation layer may be a good index to analyze the effects of both factors. The backside voltage ranges from -35V to -42V, which creates the average field ranging from 1.06V/μm to 1.27V/μm.
( 2 ) Standard Case to the pixel border. (b) Those generated in the central part arrive at the collecting gate within 0.4ns, and, on the other hand, those generated in the border area take about 2ns. Therefore, if an on-chip microlens array is employed, image capturing at 1Gfps can be achieved 5) . The microlens array also reduces the pixel-to-pixel cross talk due to oblique incident light. ( 3 ) Toward Pico-second Imaging
A) Factors limiting the Temporal Resolution
Further modification of the NanoSIS may achieve temporal resolution of less than one nanosecond. If photoelectrons generated at the same time arrive at the collecting gate at the same time, the temporal resolution is infinitesimal. However, the travel time distributes due to various factors, and the spread of the distribution specifies the theoretical temporal resolution. If the standard deviation σ is employed as the index of the spread, the minimum frame interval t F can be expressed as f c σ, where f c is a coefficient ranging from 2 to 6, depending on the application. If some temporal cross talk is allowed such as in FLIM (Fluorescence Lifetime Imaging Microscopy), the spread can be 2σ; if it s rigorously prohibited, t F must be 6σ or more. Therefore, the coefficient fc may be properly named a cross-talk factor . Factors affecting the spread of the travel time are listed below. Fig.7 . The electrons generated in the hole accumulation layer, random motion dominates the motion of generated photoelectrons, which significantly reduces the vertical velocity component. A part of photoelectrons disappear due to recombination with holes. Electrons generated in a deeper site in the depleted layer arrive earlier than those generated in the shallower site, simply because the distance to the front side is shorter. arrival time is shorter, and the field is higher for the same backside voltage, which also reduces the travel time. However, the spread of the distribution, i.e., the temporal resolution, does not directly depend on the thickness. (e) Collision in a high field : The electron velocity increases proportionately to the field. However, for the field higher than 1.5V/μm, the velocity asymptotically approaches a constant value due to higher frequency of collisions of electrons with higher energy to the lattice, which causes diffusion of electrons and widens the travel time distribution.
These factors affect to both the average and variance of the travel time and it needs to be analyzed in further studies. Fig.8 shows the potential profile and the backside hole accumulation layer generated by the Boron ion implantation, of which profile is assumed as a half Gaussian, for the thickness t B of 10nm, 100nm and 1,000nm. Fig.9(a) shows the average travel time of electrons generated by photons incident to the diagonal center line of the backside of a pixel. Fig.9(b) shows the enlarged figure of the central part of Fig.9(a) , in which effect of the wave length is seen clearer. From Fig.10 , the standard deviation σ of the travel time for the incident light focused in the central area of 16% (linear scale: 40%), for example, is about 80ps, 160ps for 2σ, and 480ps for 6σ, respectively.
B) Evaluation of travel time distribution with the path tracing method
The evaluation of travel time by using the standard deviation is useful in quantitative analysis of the effects of various factors.
Monte Carlo Simulation
1 Randomness in Motion of Signal Electrons
In the backside hole accumulation layer, the field is very week, and the random motion is significant rel- ative to the drift motion. When the field is more than 1.5V/μm, the mobility asymptotically approaches a constant value due to collision of electrons to the lattice. Monte Carlo simulation is a powerful tool for analyses of the travel time distribution for the cases. Monte Carlo simulation is also useful to evaluate the migration of photoelectrons to the memory area through the potential barrier of the p-well. For ultrahigh-speed imaging, a limited number of incident photons are available. In the case, the Monte Carlo simulation is appropriate.
In this paper, a trial application is presented to verify the validity of the Monte Carlo simulation in the analysis of the performance of the NanoSIS.
2 Tool and Simulation Model
The simulator was developed by a research group including one of the authors (Kamakura) 6) . It is an advanced model, for example, capable to simulate impact ionization. It was successfully applied to erroneous migration of electrons in a memory device 7) .
To simplify the model, the simulation is applied to 2-dimensional cross-sectional potential profiles given a priori. The generation site of each photoelectron in the depth direction is also simulated by Monte Carlo simulation, assuming exponential light absorption.
3 Results
One hundred samples are generated for each case. A potential profile and electron paths of fourteen electron samples (green lines) are shown in Fig.11(a) . The time elapsing to reach a certain depth is shown in Fig.11(b) . The results are summarized as follows:
(a) A part of photoelectrons generated near the backside surface disappear by recombination. However, the effect is exaggerated by the Gaussian concentration profile of which field is null at the backside. (b) All electrons which reach the depletion layer are collected in a collection element without migration to the storage area across the p-well barrier (selective collection). The number of electrons should be increased to at least 1,000 to evaluate the migration rate. (c) Travel time is consumed in the backside hole accumulation layer and in the horizontal movement over the p-well. (d) In the depletion layer, the travelling time is almost constant (parallel lines in Fig.11(b) ) in spite that random motion is also prominent in the depletion layer ( Fig.11(a) ).
Consequently, it is important to reduce the temporal resolution that the backside Boron layer is as thin as possible and the p-well is designed to make the slope of the path as large as possible by maximizing the minimum field. It is proved that the Monte Carlo simulation is a very powerful tool to evaluate and improve the temporal resolution. However, the current simulation model is 2-dimensional. It is expected to develop a 3-D version and to replace the electron tracing method by the Monte Carlo simulation.
It is also worth applying this Monte Carlo simulation model to a case with very low V B in which signal amplification by impact ionization is expected.
4 Recommendations to Reduce Temporal
Resolution It is recommended to search the technologies to further reduce the temporal resolution toward or less than 100ps.
(1) Thin backside hole accumulation layer
The backside Boron layer must be as thin as possible. Kuroda et al. developed a technology to make a very thin backside Boron layer with the thickness less than 10nm 8) .
(2) Avoiding incident light to the pixel border (a) Boron implant to backside pixel border High energy implant through a thick mask makes a deep thin Boron implant with the channeling effect. Incident photons are pushed away from the border toward the inside. This is a currently avail- able technology, keeping the fill factor 100%.
(b) Light guide
Microlenses and light guides can be used for concentrating the incident light to the center area of the pixel. Panasonic developed a stacked microlens and light guide to efficiently guide the incident light to the photodiode for their frontside illuminated image sensor and achieved the overall quantum efficiency similar to that of BSI image sensors 9) .
(c) Light shield
Surrounding the pixel border by a metal light shield is another solution. The metal net can be used to deliver the backside voltage. However, the fill factor is sacrificed. (3) Highly inclined p-well toward the center The p-well profile is modified by high energy implant of Boron ions along the front-side pixel border and the very long-time and high-temperature thermal diffusion (Fig.12 ).
Concluding Remarks
The multi-collection-gate backside illuminated image sensor is proposed for imaging consecutive frames at a frame interval of 1ns or less. The potential performance is tested for a simple model of the sensor family, a distorted hexagonal multi-framing image sensor, by using the electron path tracing method and simplified 2-dimensional Monte Carlo simulations. The results are summarized as follows:
(a) Temporal resolution is decided by the distribution of the travel time of signal electrons. The special distribution of the incident light to the backside has the dominant effect on the distribution. 
